The ability to process temporal information is fundamental to sensory perception, cognitive processing and motor behaviour of all living organisms, from amoebae to humans [1] [2] [3] [4] . Neural circuit mechanisms based on neuronal and synaptic properties have been shown to process temporal information over the range of tens of microseconds to hundreds of milliseconds [5] [6] [7] . How neural circuits process temporal information in the range of seconds to minutes is much less understood. Studies of working memory in monkeys and rats have shown that neurons in the prefrontal cortex [8] [9] [10] , the parietal cortex 9,11 and the thalamus 12 exhibit ramping activities that linearly correlate with the lapse of time until the end of a specific time interval of several seconds that the animal is trained to memorize. Many organisms can also memorize the time interval of rhythmic sensory stimuli in the timescale of seconds and can coordinate motor behaviour accordingly, for example, by keeping the rhythm after exposure to the beat of music. Here we report a form of rhythmic activity among specific neuronal ensembles in the zebrafish optic tectum, which retains the memory of the time interval (in the order of seconds) of repetitive sensory stimuli for a duration of up to 20 s. After repetitive visual conditioning stimulation (CS) of zebrafish larvae, we observed rhythmic post-CS activities among specific tectal neuronal ensembles, with a regular interval that closely matched the CS. Visuomotor behaviour of the zebrafish larvae also showed regular post-CS repetitions at the entrained time interval that correlated with rhythmic neuronal ensemble activities in the tectum. Thus, rhythmic activities among specific neuronal ensembles may act as an adjustable 'metronome' for time intervals in the order of seconds, and serve as a mechanism for the short-term perceptual memory of rhythmic sensory experience.
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The zebrafish tectum processes visual information and integrates it with inputs from other sensory modalities 13, 14 . To investigate the ensemble neuronal activity triggered by visual stimulation, we used two-photon fluorescence imaging 15 of Ca 21 dynamics 16 to monitor the neuronal activities of a large population of cells (,200) simultaneously in intact, unanesthetized and unparalysed zebrafish larvae (5-14 days post-fertilization (d.p.f.), Fig. 1a, ref. 17 ). The amplitude of Ca 21 transients increases in individual neurons correlated with the number of spikes (Supplementary Fig. 1 ; see refs [17] [18] [19] [20] . Repetitive visual stimulation of the contralateral eye with a moving light bar across the visual field induced reliable responses in some tectal cells, but caused sporadic or habituating responses in others (Fig. 1b) . Moreover, moving the bar stimuli in opposite directions activated different, but partially overlapping, neuronal ensembles ( Fig. 1c and Supplementary Fig. 2a ). The mean amplitudes of Ca 21 transients evoked in each neuron by consecutively moving bars in the same direction were highly correlated, whereas those induced by bars moving in opposite directions showed much lower correlation, suggesting that the tectal-ensemble-evoked responses are stimulus-patternspecific ( Supplementary Fig. 2b, c) .
In the absence of visual stimulation, synchronized Ca 21 transients among different tectal cells were rarely observed and showed no apparent regularity. However, after repetitive stimulation of the contralateral eye with a moving bar stimulus 20 times, and with an interstimulus interval (ISI) of 6 s (CS), we observed post-CS synchronized Ca 21 transients in a subpopulation of tectal neurons, at a time corresponding to the multiples of the ISI of the CS (Fig. 2a) . This was also shown by the average profile ( Fig. 2b ) and onset time (Fig. 2c, d across the ensemble ( Supplementary Fig. 3a ). Altogether, post-CS rhythmic activities were observed in 53 out of 110 experiments (48%, 23 larvae, 20 moving bars, 6 s ISI). The average amplitude of the integrated Ca 21 signals associated with rhythmic activities and their probability of occurrence were lower than that of the CS-evoked responses (P , 0.001, t-test, Fig. 3b ), and they decayed with time ( Supplementary Fig. 3b ). Such rhythmic activities were not observed in the 3-d.p.f. larvae (n 5 8) and seemed to emerge in the 4-d.p.f. larvae (one out of seven). Furthermore, the minimal number of stimuli for inducing post-CS rhythmic activities was ,10, and the robustness of these activities (the mean number of rhythmic cycles) increased with the number of stimuli until it reached a plateau at ,50-100 cycles ( Supplementary Fig. 4a , b). Uninterrupted rhythmic stimulation was required for inducing post-CS rhythmic activities, as shown by the lack of an apparent cumulative effect for two to four CS episodes (each consisting of ten stimuli) that were presented with 3-min spacing ( Supplementary Fig. 4c ). Similar post-CS rhythmic activities were also induced by CS other than moving light bars, including moving dark bars, looming light circles and wide-field light flashes ( Supplementary  Fig. 5 ).
Further experiments showed that the moving-bar CS of different ISIs (4, 6 and 10 s) induced post-CS rhythmic activities at the conditioning ISI (Fig. 2e) . The temporal precision of these entrained rhythmic activities were analysed for all experiments by plotting the histogram of the onset time of Ca 21 transients relative to that of the visual stimulus during the CS, or relative to the expected onset time should the CS started earlier or continued for further cycles. The distribution of the onset times was largely uniform before CS, but became clustered during the CS. Post-CS Ca 21 transients showed non-uniform onset time distributions for up to three cycles, with clear peaks in the first cycle for all three ISIs, and peaks up to the second and third cycle for the ISIs of 6 and 4 s, respectively (Supplementary Fig. 6 ). Because rhythmic activities were observed for up to ,20 s for all ISIs, these activities may be limited by the time lapsed rather than by the number of entrained rhythmic cycles. The analysis of spontaneous ensemble Ca 21 transients showed that synchronous Ca 21 transients among an ensemble of tectal neurons occurred with a very low frequency (,0.02 Hz), and were rather uniformly distributed (Fig. 2f,  'spontaneous' ). However, during the first 30 s after CS, the temporal distribution of synchronous Ca 21 events showed clear peaks at the entrained interval (Fig. 2f, '4, 6 or 10 s') .
The post-CS rhythmic activities in the tectum are specific to the CS. Consecutive presentations (5 min apart) of two different types of CS-a light bar moving either caudo-rostrally or rostro-caudally, for 20 repetitions (ISI 6 s)-induced post-CS rhythmic Ca 21 transients in two partially overlapping tectal cell populations, which were essentially all within the ensemble that responded to the respective CS. In the experiment shown in Fig. 3, 54 out of the 67 neurons that responded to both CSs had post-CS rhythmic activities, and among these neurons, many (36 out of 54) showed rhythmic activities induced only by one CS (Supplementary Fig. 7a ). Data from four other experiments showed similar results. Furthermore, rhythmic activities occurred in neurons that were not necessarily among those that were highly responsive to the stimulus, because there was no clear correlation between the mean amplitude of stimulus-evoked and the post-CS rhythmic Ca 21 transients of these neurons (R 2 5 0.09, Supplementary Fig. 7b ). Thus, rhythmic Ca 21 transients probably reflect the activity of a specific neuronal ensemble entrained by the CS, rather than the activation of neurons with higher excitability. Post-CS rhythmic activity is unlikely to originate from the retina, because it was absent in the axon terminals of retinal ganglion cells expressing the genetically encoded Ca 21 indicator G-CaMP 21 (32 trials in 5 larvae, Supplementary Fig. 8 and Supplementary Methods).
To investigate the physiological relevance of CS-induced rhythmic activities of tectal neurons, we examined the visuomotor behaviour of zebrafish larvae (7-14 d.p.f.) . The heads of the larvae were immobilized in agarose and tail kinematics was analysed before, during and after the visual CS. Repetitive wide-field light flashes evoked 'tail-flip' behaviour ( Fig. 4a, b) with a probability of ,0.6. Notably, after 20 flashes of CS at an ISI of 4, 6 or 10 s, 30% of the larvae (24 out of 81, 13 larvae) showed post-CS tail flips in the absence of sensory stimulation for at least one cycle at the entrained ISI for a period of up to ,20 s (Fig. 4c, d and Supplementary Movie 1). Spontaneous tail flips occurred at a low frequency (,0.015 Hz), without showing a preference for any specific interval (Fig. 4e, 'spontaneous' ). Nevertheless, during the first 30 s after the CS, the distribution of tail-flip events clustered around the entrained interval (Fig. 4e, ' 4, 6 or 10 s').
By monitoring tectal ensemble Ca 21 transients and tail-flip behaviour simultaneously ( Supplementary Fig. 9 ), we found a high correlation between the tail flip and the synchronous Ca 21 event in the tectal ensemble during the CS and the first 30 s after the CS, but a significantly lower correlation during the 60 s before, and the 31-60 s after, the CS (Fig. 4f and Supplementary Fig. 5 ). Moreover, normalized mean Ca 21 transients of the entire tectal ensemble during the first 30-s post-CS period were significantly higher for those associated with the rhythmic tail flip than those not associated with it ( Fig. 4g and Supplementary Fig. 5 ).
The close resemblance and the correlation between entrained rhythmic tectal activities and post-CS tail flips suggest that entrained rhythmic activities contribute to short-term perceptual memory of visual experience. These rhythmic activities may raise the activity of specific neuronal ensembles at the entrained interval to a level closer to, and occasionally surpassing, that required for triggering the rhythmic activities, perhaps through the tectal outputs to the hindbrain 22, 23 . This idea was further supported by the observation that the subthreshold stimuli that were normally ineffective in eliciting a tail flip (probability 0.06) had a significantly facilitating effect on evoking tail flip after the CS (20 flashes, ISI of 6 s) when they were presented at the entrained interval time. For the first four cycles after the CS, the probability of rhythmic tail flips was increased from 0.30 (24 out of 81, 13 larvae) to 0.49 (18 out of 37 trials, 7 larvae, P 5 0.045, chisquared test), but only when the subthreshold stimuli were applied in phase with the entrained interval. In contrast, the same subthreshold stimuli applied in antiphase (at 3, 9, 15 and 21 s post-CS) rarely evoked a tail flip (1 out of 14 trials, 4 larvae), and the probability of rhythmic tail flips at the entrained interval (0.29, 4 out of 14 trials, 4 larvae) was similar to that which was observed with no subthreshold stimulation (P 5 0.99, chi-squared test). Furthermore, during the late phase of the CS, tail-flip behaviour was sometimes initiated shortly before the light stimulus onset in an 'anticipatory manner' (Fig. 4d and Supplementary Movie 1) . Thus, the rhythmic activity may increase the sensitivity of the neural circuit to a specific sensory stimulus occurring at the entrained time interval. Previous studies [24] [25] [26] [27] [28] have shown that repetitive visual stimulation at a regular ISI can result in spontaneous neuronal activity roughly at the expected time interval during and after the end of stimulation-a phenomenon known as 'omitted stimulus potential'. The omitted stimulus potential originates from the retina 24, 25, 28 and occurs for repetitive stimuli with much shorter ISIs (15-500 ms). It was found in cells not necessarily responsive to the stimuli 28 and has not been observed beyond one cycle [24] [25] [26] [27] [28] . The present results extend the phenomenon of the omitted stimulus potential by showing that the rhythmic activity of tectal circuits may act as an adjustable circuit 'metronome' that can be set to memorize stimulus time intervals in the order of seconds for a duration up to ,20 s, enabling the zebrafish larvae to estimate the time of a specific impending stimulus. Thus, short-term memory of rhythmic sensory experience may be represented by entrained rhythmic activities, the neural circuit basis of which remain to be determined.
METHODS SUMMARY
Zebrafish larvae (wild-type or nacre 29, 30 , 3-15 d.p.f.) were used for experiments. The optic tectum neurons were loaded with the fluorescent calcium indicator Oregon Green BAPTA-1 AM using methods previously described 17 . Visual-activity-induced Ca 21 transients in a large population (,200) of tectal cells were monitored at the periventricular layer by conventional confocal (488 nm) or two-photon (790 nm) microscopy. Visual stimuli-for example, light bars moving in various directions or light flashes-were presented by an LCD screen positioned in front of the contralateral eye. Visuomotor behaviour of head-restrained larvae (7-14 d.p.f.) was elicited by whole-field brief light flashes, and the tail kinematics was measured from the images obtained by a video camera (at 60 Hz). A custom-made mini-microscope was used for simultaneous recording of motor behaviour and tectal Ca 21 dynamics. 
